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HIGH-FREQUENCY MELTING OF INTERFACIAL ICE 
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60/262,775, filed January 19, 2001. This application is also a continuation-in-part 
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terms of Grant No. DAAH 04-95-1-0189, awarded by the Army Research Office, and of 
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FIELD OF THE INVENTION 


The invention is related to the field of ice adhesion, specifically, to decreasing the 
adhesion strength of ice to surfaces of solid objects, in particular, to windshields, 
5 windows and other objects. 


Statement of the Problem 

Ice adhesion to certain surfaces causes various types of problems. For example, 

10 ice accumulation on aircraft wings endangers the plane and its passengers. 

Accumulations of ice formed by the condensation and freezing of water on the outside 
surfaces of heat exchangers in freezers reduces heat transfer efficiency and often results in 
physical damage to cooling coils. Ice on ship hulls causes navigational difficulties, 
expenditure of additional power to navigate through water and ice, and unsafe conditions. 

15 Problems associated with ice are particularly obvious with respect to land-based surfaces 
in transportation systems, including roads and highways, bridges, parking lots, sidewalks, 
airport runways, train tracks. Ice on roads and bridges is frequently a cause of automobile 
accidents resulting in personal injury and death, as well as material damage. Ice on 
airport runways causes delays in air traffic. Large amounts of material resources, money 

20 and man-hours are spent annually to remove ice and snow from roads and other 

transportation-related surfaces to clear them for use and to reduce risks of slipping and 
skidding on iced surfaces. Ice on windshields and windows of motor vehicles decreases 
driver visibility and safety. 


25 sometimes economically unfeasible, power requirements. Application of chemical agents 
to remove ice has temporary effects, is limited to relatively small surface areas, and is 


BACKGROUND OF THE INVENTION 


Conventional resistive heating systems to remove ice and snow have high, 
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labor and equipment intensive. Also, once ice has formed on surfaces, it may be difficult 
to remove. 

SUMMARY OF THE INVENTION 
The invention helps to solve some of the problems mentioned above by providing 
systems and methods for melting interfacial ice at an ice interface. Systems and methods 
in accordance with the invention are particularly applicable for alleviating optical 
interference associated with the presence of ice on transparent surfaces, such as windows 
and windshields. Nevertheless, systems and methods in accordance with the invention 
are generally applicable for removing ice, in particular for deicing surfaces of solid 
objects. 

In certain aspects, a system for melting interfacial ice includes: a first electrode 
and a second electrode, the first electrode and the second electrode defining an 
interelectrode space between the first electrode and the second electrode. The first 
electrode and the second electrode also define an interelectrode distance that separates the 
first electrode and the second electrode. Typically, a system in accordance with the 
invention is utilized to melt interfacial ice located at an ice-solid interface. Therefore, the 
first electrode and the second electrode typically are located proximate to a surface of a 
solid to be protected against ice. In certain aspects, an electrical insulator is disposed in 
the interelectrode space. For example, in certain embodiments, a nonconductive rubber 
windshield wiper blade is located in the interelectrode space. In certain aspects, a system 
further includes an AC power source for providing an AC voltage across the first and 
second electrodes. Typically, an AC power source provides an AC voltage in a range of 
about from 10 volts to 500 volts. Preferably, the AC voltage has a frequency greater than 
1000 Hz. Typically, the ice-solid interface is located in the interelectrode space. 
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The interelectrode distance typically has a value in a range of about from 50 /um to 
500 /um. In certain embodiments, the interelectrode distance has a value less than 50 /j,m 
since an interelectrode distance as small as possible is preferred. In other embodiments, 
the interelectrode distance has a value greater than 500 /urn. 

In certain aspects, a method in accordance with the invention includes applying an 
alternating electric field ("AEF") to interfacial ice at an ice-solid interface of surfaces 
being protected. The alternating electric field contains capacitive AC energy. The 
interfacial ice absorbs a portion of the capacitive energy of the AEF, converting it into 
conductivity (resistive) AC current. Passing through ice, the AC current generates Joule 
electric heat, which melts a very thin layer of interfacial ice at the ice-solid interface. The 
Joule heating power is: 

W h =p ice f (1) 

where W h is the heating power per m\ Pi ce is ice electric resistivity, and j is the current 
density. 

When an interfacial layer of ice melts, the resistivity of ice, p ice , in equation (1) is 
replaced by the resisivity of water, p w , which is 2 to 4 orders of magnitude less than 
that of ice. As a result, the heating power, W h , dramatically decreases, the interface re- 
freezes, and the heating power rises again, re-melting the interfacial ice. This self- 
adjusted mechanism minimizes the total power needed to melt interfacial ice. 

A second advantage of the technique as compared to conventional heaters is that 
the heating power, W h , is generated directly where it is needed, on the ice windshield 

interface. Thus, there is no part of the structure that needs to be heated over 0° C. As a 
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result, less heating power sinks into the environment, thus decreasing heating power 
requirements. Moreover, when ice adhesion to a windshield (or to an airplane wing or 
other surface) is eliminated or decreased by melting of interfacial ice, then it is easily 
removed by gravity, by scraping or by air flow drag. As a result, the heating power, W h , 

drops to zero because the water is also usually swept away or evaporated. Power 
consumption in methods and systems in accordance with the invention is only about 1/10 
or less of the power consumption in systems using conventional resistive heating. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the invention may be obtained by reference to 
the drawings, in which: 

FIG.l depicts a generalized system in accordance with the invention in which an 
AC power source generates an alternating electric field at an ice-solid interface; 

FIG. 2 depicts a windshield, which is commonly deiced by a system and a method 
in accordance with the invention; 

FIG. 3 depicts in schematic form a section of a rectangular grid that functions as a 
first electrode or a second electrode in accordance with the invention; 

FIG. 4 depicts an embodiment comprising a plurality of interdigitated electrodes; 

FIG. 5 depicts in schematic form a system in accordance with the invention 
having a first electrode, an electrical insulator, and a second electrode, in which a 
conductive windshield wiper functions as the second electrode; 

FIG. 6 depicts a system in accordance with the invention that does not include a 
permanent electrical insulator; 

FIG. 7 depicts a system in accordance with the invention in which the second 
electrode is a conductive portion of a windshield wiper, and a windshield-wiper blade is 
an electrical insulator; 


Patent 

Attorney Docket No. 393551 
Express Mail Label No. EL820326887US 

FIG. 8 depicts a further embodiment containing an electrical insulator located on 
top of the first electrode, and a second insulator in the form of a nonconductive rubber 
windshield-wiper blade; 

FIG. 9 depicts an exemplary system in accordance with the invention with 
5 interdigitated electrodes that melted an ice disc; 

FIG. 10 depicts in schematic form a system in accordance with the invention having 
a plurality of interdigitated electrodes in a windshield covered by an electrical insulator. 

= DESCRIPTION OF THE INVENTION 

"O io The invention is described herein with reference to FIGS. 1-10. It should be 

SI understood that the structures and systems depicted in schematic form in FIGS. 1-10 are 
p l i used to explain the invention and are not precise depictions of actual structures and systems 
in accordance with the invention. Furthermore, the embodiments described herein are 
h exemplary and are not intended to limit the scope of the invention, which is defined in the 

H 15 claims below. 

[7 Embodiments are described herein mainly with reference to windshields. It is 

O understood, however, that embodiments in accordance with the invention are useful for 
deicing surfaces of solids in many different applications; for example, the deicing of airplane 
wings, ship surfaces, roads and highways, bridges, parking lots, sidewalks, airport runways, 
20 train tracks, and freezer coils, among others. 

In certain aspects, embodiments in accordance with the invention include applying 
a high-frequency alternating electric field ("AEF") at an ice interface. Practically, the AEF 
usually has a frequency greater than 1000 Hz. Typically, a high-frequency AC voltage is 
applied across a first electrode and a second electrode in order to generate the AEF. The AC 
25 voltage and the AEF preferably have a frequency not less than 10 kHz. Typically, the ice 
interface is an ice-solid contact interface at the outside surface of a solid object being 
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protected; for example, the outside surface of a windshield covered by a layer of ice. 
Therefore, the AEF is generated preferably at or near the ice-solid contact interface to 
maximize alternating electric field strength at the contact interface. 

The AEF contains capacitive AC energy in the form of capacitive AC current. Ice 
5 is semiconductive at low frequencies; for example, at 50 Hz. The electrical conductivity of 
ice increases as AC frequency increases. Therefore, the interfacial ice absorbs a portion of 
the capacitive energy, converting some of the capacitive AC current into conductivity 
(resistive) AC current. The resistive AC current flowing through the interfacial ice generates 
^ Joule heat in the interfacial ice. The Joule heat causes the interfacial ice at the contact 
10 interface to melt. The term "contact interface" is used generally herein to denote a region in 
%j which a surface of a solid object and the surface of ice are adjacent and contiguous to each 
pj other. It is understood that an ice-solid contact interface typically includes air gaps and voids 
and perhaps areas occupied by a liquid-like water layer, as well as areas of actual physical 
s contact between the solid and the ice. 

H 15 For a given voltage, the heating power delivered to ice in an AEF is a function of the 


electrical conductivity of the ice. The conductivity of interfacial ice is significantly higher 
than the conductivity of bulk ice. For example, in an interdigitated circuit in which the 
interelectrode distance, d, is the same as the width of the interdigitated electrodes, the ratio 
of the surface conductance, G s , to the bulk conductance, G B , is 


20 


G B ~ 2 a " d 


G s 3 a 


(2) 
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where G s is the conductivity at the interfacial ice surface, and o is ice bulk conductivity. 

B 

_ 4 

Using experimental data for pure ice at -10°Cand a value of d = 10 m (i.e., 100 jum) 
yields: 


G/ 3 10" 8 

^ = 2- 3.10-°-10-' = 5 - 104 * f = 10 Hz (3) 


and 


G s 3 10" 7 

^ = 2- 2.1O-M0-^ 7 - 5 - 1Q atf=1OkHz (4) 


As a result, conductivity (resistive) AC current concentrates in the interfacial ice, 
resulting in much higher Joule heating of interfacial ice compared to bulk ice. Thus, an 
advantage of the invention is that heating power is focused at the ice interface. Ice at the 
interface is heated and melted, with very little heat energy dissipated in the bulk ice. 

Also, electrical conductivity of ice increases as the frequency of AC current passing 
through it increases. As conductivity increases, resistive AC current absorbed from the AEF 
and flowing through interfacial ice at the ice interface increases, resulting in higher heating 
power to melt ice. Deicing in accordance with the invention occurs at AC frequencies as low 
as about 100 Hz; however, such low frequencies use high voltage. Therefore, the frequency 
of the AEF and the AC voltage usually exceeds 1 kHz, and is preferably 10 kHz or greater. 
While other considerations may limit practically the frequency, from a heating standpoint, 
the frequency should be as high as possible. With high-frequency AC, that is, greater than 
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1000 Hz (1 kHz), an AC voltage in a range of about from 10 to 500 volts is usually sufficient 

to melt interfacial ice in accordance with the invention. 

Numerous factors affect the Joule heating power generated by the capacitive energy 

of an AEF in interfacial ice at an ice-solid contact interface. These include, among others: 
5 ice purity (affecting conductivity); AC voltage; AC frequency; interelectrode distance; total 

area of electrode network; temperature; electrode structure and composition. The small 

interelectrode distance typically has a value in a range of about from 50 fxm to 5 mm, 

preferably not exceeding 0.5 mm. 
j=j Melting of ice at the contact interface is usually sufficient for deicing the surfaces of 

^ 10 a solid object because the bulk ice no longer adheres to the solid surface being protected. If 

the ice does not fall off the surface because of gravity, it is easily removed; for example, by 
ry the force of wind friction or by some mechanical means; for example, by a scraper or a 

» windshield wiper. Also, since virtually all of the ice and water is removed from the region 

^ of the strong AEF, virtually no dielectric loss currents occur after melting and removal of the 

□ 15 bulk ice. Thus, very little power is consumed after melting interfacial ice. An advantage, 
r therefore, of a system and a method in accordance with the invention is that heating power 

□ is only used to melt interfacial ice. To melt the interfacial ice at an ice-solid interface, 
neither the ice nor the solid need be heated above 0°C, the melting point of ice. This 
significantly reduces heat transfer into the environment, compared with conventional ice- 

20 heating methods in which a heating element is heated to a temperature above the melting 
point. As a result, total energy consumption is minimized. Power consumption in methods 
and systems in accordance with the invention is only about 1/10 or less of the power 
consumption in systems using conventional resistive heating. 

A method in accordance with the invention is useful for melting interfacial ice at 

25 virtually any ice interface because electrical conductivity of interfacial ice is higher than the 
conductivity of bulk ice. Even within ice itself, electrical conductivity is higher along grain 
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boundaries of polycrystalline ice because impurities in the ice tend to concentrate at grain 
boundaries. At an interface between ice and a non-ice material, electrical conductivity of 
interfacial ice is higher than that of bulk ice because non-ice material attracts conductive ions 
in ice to the interface. Interfacial ice on an ice-covered windshield is the ice status and 
contact with or adjacent to the windshield surface. Interfacial ice is also the ice exposed to 
and having a contact interface with air. Melting of interfacial ice at an ice-solid contact 
interface deices a solid surface much more efficiently than melting ice at a corresponding ice- 
air interface. In this specification, therefore, the term "interfacial ice" generally refers to the 
ice at the ice-solid contact interface at the surface of a solid object being protected against 
icing. 

An AEF in accordance with the invention may be produced using a variety of 
structures and techniques. For example, commonly-owned co-pending international patent 
application PCT/US00/05665, filed 1 March 2000, discloses a system in which an alternating 
electric field is generated by flowing a high-frequency AC current through an electrical 
conductor proximate to ice being melted. This specification generally contemplates 
generating an AEF by providing a high-frequency AC voltage across a first electrode and a 
second electrode that are electrically insulated from each other. A key feature of an 
embodiment in accordance with the invention is a strong alternating electric field in the 
interfacial ice. Therefore, the stronger the potential difference between the electrodes, the 
stronger the alternating electric field. The term "electrically insulated" and similar terms 
have their general meaning that there is no electrical shorting of the first electrode and the 
second electrode. The terms also imply that there is no closed conductor path connecting the 
first and second electrodes in a closed circuit. Nevertheless, in one basic type of 
embodiment, the first and second electrodes are exposed to an open space that water or ice 
typically occupies, thereby causing some limited electrical connection between the first 
electrode and the second electrode. For example, in embodiments containing interdigitated 
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first and second electrodes located on a solid nonconductive surface without a layer of 
insulating material, ice located directly on the interdigitated electrodes acts as a 
semiconductor between the electrodes. In a second basic type of embodiment, the first and 
second electrodes are "completely insulated" from each other so that there would be no direct 
5 electrical connection between them even if the system were completely immersed in water. 
In such a system, either or both of the first or second electrodes are completely insulated 
from any open space that can be filled by ice or water and connect the electrodes. An 
example is an embodiment containing interdigitated first and second electrodes located on 
„ a solid nonconductive surface, but with a layer of insulating material in direct contact with 

*5 10 and covering all of the electrodes. In preferred embodiments in accordance with the 
%J invention, the first and second electrodes are completely insulated from each other so that 

5 j air breakdown across the electrodes does not occur. Electric breakdown of air causes sparks 

J! that can damage electrode material. An insulating coating covering an electrode also protects 

s the electrode from physical damage, such as scratching. Although there is preferably no 


q 15 direct conductive path between electrodes, it is understood that in a system and in a method 
f7 in accordance with the invention, the capacitive energy of the AEF generates conductivity 

KSSS 

O (resistive) AC current that flows in interfacial ice, producing Joule heat. 

In contrast, commonly-owned and co-pending United States patent Application 
Serial No. 09/426,685 discloses a structure having two electrodes separated by an insulator, 

20 but also having an open space between the electrodes that fills with water or ice to provide 
electrical contact between the electrodes and to provide a path for DC current between the 
electrodes; that is, water or ice closes a DC circuit including the electrodes. Thus, the basic 
principle of operation of the invention disclosed in Serial Number 09/426,685 is different 
from a system and a method in accordance with the present invention. 

25 In FIG. 1 is depicted in schematic form a generalized system 100 in accordance with 

the invention. System 100 includes a first electrode 110, an electrical insulator 112, and a 
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second electrode 1 14. An interelectrode space 1 16 is located between first electrode 1 10 and 
second electrode 114. First electrode 110 and second electrode 114 are spatially separated 
from each other by an interelectrode distance. As depicted in FIG. 1 , electrical insulator 112 
is disposed in interelectrode space 1 16. It should be understood that electrical insulator 112 
5 need not occupy all of interelectrode space 116; rather, it may, in certain embodiments, be 
disposed in only a portion of interelectrode space 116. Electrical insulator 112 serves to 
insulate first electrode 110 from second electrode 114 sufficiently to prevent electrical 
shorting between electrodes. In other words, electrical insulator 1 12 maintains a potential 
difference between first electrode 110 and second electrode 114 when an AC voltage is 

10 applied to the electrodes. It is further understood that first electrode 110 and second 
electrode 114 are electrically insulated from each other in preferred embodiments in 
accordance with the invention. Therefore, one or more other electrical insulators (not shown 
in FIG. 1), in addition to electrical insulator 112, may be present in an embodiment in 
accordance with the invention in order to insulate first electrode 110 from second electrode 

15 114. As depicted in FIG. 1, insulator 112 is a transparent insulating thin film, typically 
comprising silicon dioxide. The insulating thin film typically has a thickness in a range of 
from 2 to 10 /urn. System 100 further comprises an insulator 118 covering second electrode 
1 14. Transparent insulator 118 has an outer surface 1 19, and typically has a thickness in a 
range of from 2 to 10 jum. Insulator 118 protects electrode 114 against physical damage. 

20 S y s tern 100 further includes an AC power source 1 20 connected to first electrode 110 

and second electrode 1 14 for providing an AC voltage across the first and second electrodes. 
Preferably, AC power source 120 provides AC voltage having a frequency greater than 1000 
Hz, and more preferably not less than 10 kHz. FIG. 1 further depicts a layer of ice 130 
having a layer of interfacial ice 132 at an ice-solid contact interface 134 at which ice 130 is 

25 in contact with outer surface 119 of insulator 118. It is understood that in preferred 
embodiments in accordance with the invention, ice 130 generally is not in physical contact 
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with either first electrode 1 10 or second electrode 1 14. An important feature is that an AC 
voltage across first electrode 110 and second electrode 114 provides an AEF at ice interface 
134. As in system 100, preferred embodiments in accordance with the invention include an 
electrical insulator or protective layer exposed to ice 130. FIG. 1 shows first electrode 1 10 
5 disposed on outer surface 142 of solid object 140. 

In accordance with the invention, solid object 140 comprises virtually any solid 
object having an outer surface 142 to be protected against accumulations of ice. For 
example, solid object 140 may comprise, among others: an airplane wing; a helicopter blade; 
a ship hull, deck or superstructure; a freezer coil; the surface of a road, highway bridge or 

10 airport runway; a windshield. In some embodiments in accordance with the invention, first 
electrode 110 and second electrode 114 are contained within solid 140. 

In FIG. 1, surface 142 is substantially horizontal. It is understood that a surface 
being protected in accordance with the invention may be spatially oriented in many positions 
different from horizontal. Terms of orientation, such as "top", "bottom", "above" and others, 

15 are used with relation to the surface being protected against ice formation. For example, with 
reference to FIG. 1, bottom, first electrode layer 110 is closer to surface 142 of object 140 
than top, second electrode layer 114. Therefore, top electrode layer 114 is "above" bottom 
electrode layer 110. The term "cover" indicates that a first element that covers a second 
element is above the second element. For example, in FIG. 1, top, second electrode 114 

20 covers both bottom, first electrode 1 10 and surface 142. 

The term "proximate" and related terms as used in this specification refer to a 
distance between an element and an ice interface, or the distance between a place where a 
method step is performed and an ice interface. A key aspect of embodiments in accordance 
with the invention is the application of a high-frequency AEF at an ice interface so that 

25 interfacial ice absorbs capacitive energy of the AEF, converting a portion of the capacitive 
AC current into conductivity (resistive) AC current. Functionally, a first electrode and 
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second electrode are proximate to an ice interface if an AC voltage across the electrodes 
generates an AEF having sufficient field strength to melt interfacial ice at the ice interface. 
Similarly, an AEF applied proximate to interfacial ice at an ice interface melts the interfacial 
ice. In physical terms, the term "proximate" practically means a distance within about 5 mm 
5 of an ice interface (or the solid surface on which an ice-solid interface usually occurs), 
preferably not exceeding 500 //m. 

The term "high-frequency" in this specification refers generally to an AC frequency 
greater than 1000 Hz, preferably 10 kHz or greater. 
□ A common application of a system and a method in accordance with the invention 

^ 10 is the deicing of a windshield 150 having windshield wipers 152, such as depicted in FIG. 

2. With reference to FIG. 1 and FIG. 2, solid object 140 represents nonconductive glass or 
ry other transparent windshield material of the bulk of a windshield 150. First electrode 110 

^ is a layer of transparent, electrically conductive material. For example, first electrode 1 10 

? may comprise a layer of doped, conductive glass formed during fabrication of the windshield. 

Q 15 Or, first electrode 1 10 may be a layer of transparent, conductive material deposited on the 
U outside surface of a windshield 150. An example of a transparent conductive layer is a thin 

film of conductive metal oxide deposited on glass using techniques known in the art. 
Examples of transparent metal oxides include: ITO, fluorine-doped Sn0 2 , Ru0 2 , and AlZnO. 
Also, first electrode 110 may comprise a rectangular grid of metal wires or thin metal strips 
20 embedded in glass or formed on windshield 150. The term "transparent" used in this 
specification refers generally to a structure, such as a layer of material or a grid, that 
transmits about 70 percent or more of incident light without significant diffusion of the light 
rays. The term "conductive" refers generally to a material having a conductivity similar to 
that of a common metal or a common semiconductor. Electrical insulator 112 depicted in 
25 FIG. 1 may be a region of nonconductive glass formed during fabrication of the windshield, 
or may be a separate thin film of dielectric insulator material deposited on first electrode 110. 
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The term "nonconductive" refers generally to a material or structure having a conductivity 
value similar to that of typical electrical insulators or dielectric materials, such as glasses, 
ceramics, and dielectric polymers. For example, silicon oxide is a common dielectric 
material that is formed using one of various, standard deposition techniques known in the art. 
5 Also, since air is a good insulator, electrical insulator 112 may consist essentially of air, or 
it may comprise a composite material containing air or other insulating gas. Second 
electrode 114 in FIG. 1 may be a layer or region of doped, electrically conductive glass 
formed during fabrication of the windshield. Or, second electrode 1 14 may be a layer of 
transparent, conductive material deposited on the outside surface of a windshield 150. Or, 
10 second electrode 114 may comprise a rectangular grid of metal wires or thin metal strips 
embedded in glass or formed on windshield 150 and then covered with a protective insulator 
layer. 

FIG. 3 depicts in schematic form a section 300 of a rectangular grid 304 that 
functions as a first electrode 1 10 or a second electrode 1 14. Typically, a rectangular grid 304 

15 is disposed in or on a solid object, such as a windshield, and functions as a first electrode. 
A second rectangular grid, identical or similar to a rectangular grid 304, is disposed 
proximate to the first electrode, having the same shape of the first electrode, and separated 
from the first electrode by an interelectrode distance in accordance with the invention. As 
depicted in FIG. 1 , the first rectangular grid electrode is electrically insulated from the second 

20 rectangular grid electrode. Section 300 comprises a plurality of strips or wires 322 
(hereinafter "strips") connected to the same terminal of an AC power source (not shown), so 
that each of the strips has the same voltage bias during operation. Parallel strips 324 are 
separated from each other usually by first grid spacing 325. Parallel strips 326 are separated 
from each other by a second grid spacing 327. Typically, grid spacing 325 and grid spacing 

25 327 are about the same and are uniform throughout the grid. Typically, strips 322 have an 
electrical conductivity of about 10 7 S/m in order to carry sufficient AC power. Typically, 
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strips 322 comprise a conductive metal, such as titanium. Strips 322 may be embedded in 
nonconductive glass or other transparent, nonconductive material of a windshield using one 
of various techniques known in the art. Alternatively, metal strips may be deposited on the 
nonconductive windshield material using a variety of metal deposition techniques known in 
5 the art. Currently, metal strips capable of carrying sufficient AC current are not transparent. 
Nevertheless, they are sufficiently thin and the grid spacing sufficiently large that light 
transmission through a windshield is significantly greater than standard minimum 
requirements. Thus, electrode grid 304 is virtually transparent. Strips 322 used as electrodes 
^ in accordance with the invention with a transparent object, such as a windshield, cover as 
y3 10 little as about 1-5% of the surface area of the object. Thus, they are essentially invisible and 
Ci do not interfere significantly with light transmission or with aesthetics. In a typical 
^ : embodiment, a strip 322 has a width in a range of about from 5 fxm to 10 ,um, and a depth 
H or thickness in a range of about from 5 /um to 10 /um. A rectangular grid 304 typically has 
™ a grid spacing 325 or 327 in a range of about from 50 /um to 1000 ^m. When the grid 
15 spacing is small, for example, in a system having electrode grids with a grid spacing of 50 
H 8 Mm, a voltage of about 10-50 volts is sufficient. In a coarse grid having a grid spacing of 0.5 
□ mm, a voltage of 100-300 volts is typical. 

^ FIG. 4 depicts in schematic form an alternative embodiment in accordance with the 

invention. FIG. 4 shows %. section 400 of an electrode system 404 comprising a plurality of 

20 first electrodes 412 and second electrodes 414, which are interdigitated. The term 
"interdigitated" means that a plurality of "digits" of a first electrode group are disposed 
alternately with a plurality of "digits" of a second electrode group. The geometry, 
dimensions and overall shape of the interdigitated electrodes may vary in different 
embodiments. Typically, as in FIG. 4, a first electrode stem 422 is disposed proximate to a 

25 surface and parallel with a second electrode stem 424, proximate to the same surface. The 
first electrode stem 422 is connected to one terminal of an AC power source 430, and the 
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second electrode stem 424 is connected to a second terminal of power source 430, so that the 
first electrode stem and the second electrode stem have opposite polarities. A series of first 
electrode "digits" 412 extend in a substantially normal direction from first electrode stem 422 
towards second electrode stem 424, without touching the second electrode stem. Similarly, 
a series of "digits" 414 of second electrode stem 424 extend in a substantially normal 
direction from the second electrode stem towards the first electrode stem, without touching 
the first electrode stem. First electrodes 412 are spaced so that the digits are adjacent to and 
substantially parallel with second electrode digits 414. As a result of the alternating 
arrangement of interdigitated electrodes 412, 414, an electrode having one polarity at a given 
moment is adjacent to one or more electrodes having the opposite polarity. Alternatively, 
either one of the electrode stems is connected to electrical ground, and the other is connected 
to an AC power source, so that a potential difference is generated between adjacent 
electrodes. Thus, in this specification, language referring to an AC voltage across electrodes 
and to electrodes having opposite polarity, as well as other similar language, has its general 
meaning, including: a) an electrode connected to electrical ground, and in AC voltage applied 
to another electrode; b) an AC voltage applied to both a first electrode and a second 
electrode, in which the potential bias on the first electrode is approximately 180 degrees out 
of phase with the potential bias on the second electrode. In preferred embodiments, 
electrodes 412, 414 and electrode stems 422, 424 are covered by electrical insulation so that 
neither water nor ice provide a path for electrical conduction between electrodes 412, 414. 
Instead, ice typically forms on the insulation, and the AC voltage difference between first 
electrode 412 and second electrode 414 creates a strong AEF. The interfacial ice absorbs 
capacitive energy from the AEF, which causes an AC current in the interfacial ice. 

FIG. 5 depicts in schematic form a system 500 in accordance with the invention. 
System 500 includes a first electrode 5 10, an electrical insulator 512, and a second electrode 
514. First electrode 510 and second electrode 514 are each connected to opposing terminals 
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of AC power source 520. FIG. 5 further depicts an ice layer 530 located between electrical 
insulator 512 and second electrode 514. First electrode 510 may be a layer of conductive 
glass forming the outside surface of windshield 540. Alternatively, first electrode 510 may 
be a layer of conductive material deposited on the outside surface of windshield 540 using 
5 deposition techniques known in the art. Typical conductive materials include thin films of 
metal oxides deposited using known techniques. Alternatively, first electrode 510 may be 
a rectangular grid of conductive strips, typically metal strips, as described with reference to 
FIG. 3. Insulator layer 512 is typically a region of nonconductive glass or a layer of 
^ electrically insulating, dielectric material deposited as a layer over first electrode 510. In 
J3 10 system 500, second electrode 514 is a conductive windshield wiper, typically comprising 
electrically conductive rubber. Deicing in accordance with the invention is accomplished by 
using power source 520 to apply an AC voltage across first electrode 510 and second 
electrode 514. The AC voltage creates an AEF with capacitive AC current that generates 
conductivity (resistive) AC current in the interfacial ice at the contact interfaces of ice layer 
15 530. Ice layer 530 has an air-ice contact interface 550, an ice-solid contact interface 552 at 
the interface between second electrode 514 and ice layer 530, and an ice-solid contact 
interface 554 at the interface between ice layer 530 and electrical insulator 512. Resistive 
AC current that melts interfacial ice is generated by the AEF at the ice-solid contact 
interfaces 552, 554 below second electrode 514. Melting of interfacial ice at interfaces 550 
20 and 552 does not contribute significantly to removing ice layer 530 from windshield 540. 
Rather, melting of interfacial ice principally at contact interface 554 contributes to deicing 
of windshield 540 (or other solid object being protected). During operation, windshield- 
wiper electrode 514 moves across windshield 540 in a sweeping motion. As a windshield 
wiper covers a particular region of the windshield creating an AEF and that region, a portion 
25 of the capacitive AC energy of the AEF is transformed into resistive AC current in the 
interfacial ice in that region. The resistive AC current generates Joule heat that melts the 
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interfacial ice. Through gravity or by the sweeping motion of the windshield wiper, ice 530 
is removed from the windshield. After ice 530 is removed, the electrical power dissipated 
in system 500 decreases because there is virtually no water or ice present for conducting 
resistive AC current. Thus, system 500 is partly self-regulating. An optional voltage 
5 regulator 560 may be included in system 500 and used to decrease the AC voltage supplied 
by power source 520 after ice layer 530 has been removed. Various techniques are known 
in the art for detecting the presence and absence of ice. Depending on atmospheric 
conditions, approximately 1 kW of power is required to deice a windshield having a surface 
area of about 1 m 2 . After deicing has been accomplished, about 200-300 W/m 2 of power is 

10 sufficient to maintain the surface of a windshield ice-free. 

Since the time of contact of the moving windshield wiper at a given location on the 
windshield is relatively short, compared to a system in which both electrodes are stationary, 
the voltage required to provide suitable heating power is typically higher than in systems in 
which both electrodes are stationary. 

15 FIG. 6 depicts a system 600 in accordance with the invention, but which is less 

preferred. System 600 includes a first electrode 610 covering nonconductive glass 
windshield 640, and a second electrode 614. System 600 does not include a permanent 
electrical insulator. Instead, during operation, ice layer 630 functions to insulate electrically 
first electrode 610 from second electrode 614. If no ice is present at a particular spot of first 

20 electrode 610 or after ice 630 has been removed in accordance with the invention from 
windshield 640, first electrode 610 and second electrode 614 are electrically "shorted". As 
a result of "shorting", electrical power consumption is higher in a system 600 than in system 
500 as depicted in FIG. 5. 

FIG. 7 depicts in schematic form a system 700 in accordance with the invention. 

25 System 700 includes a first electrode 710 and a second electrode 7 14. Second electrode 7 14 
is a conductive portion of a windshield wiper; for example a conductive metal bracket 
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holding a rubber windshield- wiper blade. System 700 also includes electrical insulator 712, 
which is a windshield-wiper blade comprising electrically nonconductive rubber. First 
electrode 710 is typically a region of conductive glass at the outside surface of windshield 
740. Alternatively, first electrode 710 is a transparent or virtually transparent layer of 
5 conductive material; for example, a thin film of metal oxide deposited using techniques 
known in the art. FIG. 7 depicts an ice layer 730 located between first electrode 710 and 
rubber windshield- wiper insulator 712. An AC voltage applied across first electrode 710 and 
second electrode 714 creates an AEF that generates a resistive AC current in the interfacial 
Q ice of ice layer 730. An ice-solid contact interface 756 exists at the interface between rubber 
1 0 insulator 712 and ice layer 730. Another ice-solid contact interface 75 8 exists at the interface 
Nl between first electrode 710 and ice layer 730. As windshield-wiper electrode 714 sweeps 
fy across windshield 740, it creates an AEF between first electrode 710 and second electrode 
714 in the region corresponding to contact interfaces 756, 758. The resistive AC current 
3 generated by the AEF in the interfacial ice at interfaces 756, 758 causes Joule heating, which 

□ 15 melts the interfacial ice. As a result of melting of interfacial ice at contact interface 758, ice 
^ layer 730 is removed from windshield 740 through gravity or by the sweeping motion of 

EES. 

^ windshield- wiper blade 712. 

FIG. 8 depicts in schematic form a further embodiment in accordance with the 
invention. The system 800 includes a first electrode 810 and a second electrode 814. As 

20 depicted in FIG. 8, first electrode 810 typically comprises conductive glass or other 
transparent conductive material of the windshield 840. Second electrode 8 14 is a conductive 
portion of a windshield wiper; typically a conductive metal bracket holding a rubber 
windshield-wiper blade. System 800 further comprises an electrical insulator 812 and an 
electrical insulator 813. Electrical insulator 812 is located on top of first electrode 810. 

25 Electrical insulator 812 is a region of nonconductive material covering first electrode 810. 
Electrical insulator 812 may be formed in various ways. For example, electrical insulator 
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812 may be nonconductive glass formed during fabrication of glass windshield 840. 
Alternatively, electrical insulator 812 may be a layer of nonconductive material, for example, 
silicon oxide, deposited on first electrode 810 using one of a variety of techniques known in 
the art. Electrical insulator 813 typically comprises nonconductive rubber in a windshield- 
5 wiper blade. In FIG. 8, an ice layer 830 covers windshield 840 and is located between first 
electrode 810 and second electrode 814. Ice layer 830 has a contact interface 856 with 
electrical insulator 813. Ice layer 830 also has a contact interface 858 with electrical 
insulator 812. During operation, an AC voltage applied across first electrode 810 and second 
q electrode 814 creates an AEF that generates resistive AC current in the interfacial ice at 
^ 10 contact interfaces 856 and 858 in the region in which second electrode 814 is located as it 
N s sweeps across windshield 840. 

fy Numerous variations of the embodiments described herein may be fabricated and 

^ used in accordance with the invention. 


A system 900 in accordance with the invention was used for melting interfacial ice. 
System 900 included a plurality of first electrodes 912 and second electrodes 914. Electrodes 
912, 914 were interdigitated, as depicted in FIG. 9. Interdigitated electrodes 912, 914 were 
formed on nonconductive glass substrate 916, which had a thickness of about 2 mm. 

20 Interdigitated electrodes 912, 914 comprised strips of chromium metal. Interdigitated 
electrodes 912, 914 were about 25 /um wide and had a thickness of about 100 nm. The 
interelectrode distance between adjacent electrodes 912, 914 was about 500 /um. The 
plurality of interdigitated first and second electrodes 912, 914 were located in a total surface 
area on substrate 916 of about 5 cm x 5 cm. The metal strips of electrodes 912, 914 occupied 

25 about five percent of the total surface area. First electrode stem 922 and second electrode 
stem 924 were connected to opposing terminals of AC power source 930. 
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A disc of ice 925 having a diameter of approximately 4 cm was formed on substrate 
916, on top of and covering interdigitated first and second electrodes 912, 914, as represented 
by the circle of dashes 925 in FIG. 9. Ice disc 925 had a thickness of approximately 3 mm. 
The system was frozen at - 10 °C. An AC voltage of 150 volts (rms) at a frequency of 10 
5 kHz was applied to first and second electrodes 912, 914 through electrode stems 922, 924, 
respectively, using power source 930. The ice at the ice-glass interface immediately melted, 
and ice disc 925 slid away from substrate 916 under its own weight. Electrical measurements 
showed that the maximum heating power did not exceed 2.5 W, which corresponded to a 
heating power density, W h , not exceeding 0.1 W/cm 2 . 

10 FIGURE 10 depicts in schematic form a system 950 in accordance with the invention. 

System 950 includes a plurality of interdigitated electrodes 960, as described above with 
reference to FIGS. 4 and 9. Interdigitated electrodes 960 are disposed on the outside surface 
of solid object 970, typically a transparent windshield 970. System 950 also includes 
electrical insulator 972 formed on and covering electrodes 960. Insulator 972 contributes to 

15 electrical insulation of each electrode 960 from the other electrodes 960. Interdigitated 
electrodes 960 are connected electrically to AC power source 974, which provides a voltage 
bias of opposite polarity to adjacent electrodes during operation. A system 950 is useful for 
removing ice 976 located on insulator 972 and covering windshield 970. Melting of 
interfacial ice at ice interface 978 at the interface of ice 976 and insulator 972 reduces the 

20 adhesion of ice layer 976 to insulator 972. As a result, ice layer 976 falls by gravity from the 
windshield 970, or is easily removed by wind friction or by the sweeping action of 
windshield wiper 980. 

A method and a system in accordance with the invention for melting interfacial ice 
may be used to remove ice in various applications, especially in applications involving 

25 surfaces of transparent solid objects, such as windshields. Although the embodiments have 
been described principally with regard to windshields, the structures and methods herein 
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described are applicable to removal of ice in general, and in particular the removal of ice 
from the surfaces of solid objects. It is evident that those skilled in the art may now make 
numerous uses and modifications of the specific embodiments described, without departing 
from the inventive concepts. It is also evident that the steps recited may, in some instances, 
be performed in a different order; or equivalent structures and processes may be substituted 
for the structures and processes described. Since certain changes may be made in the above 
apparatus and methods without departing from the scope of the invention, it is intended that 
all subject matter contained in the above description or shown in the accompanying drawing 
be interpreted as illustrative and not in a limiting sense. Consequently, the invention is to 
be construed as embracing each and every novel feature and novel combination of features 
present in or inherently possessed by the systems, methods and compositions described in 
the claims below and by their equivalents. 
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